Abstract Advances in the development of bioinformatic tools continue to improve investigators' ability to interrogate, organize, and derive knowledge from large amounts of heterogeneous information. These tools often require advanced technical skills not possessed by life scientists. User-friendly, low-barrier-to-entry methods of visualizing nutrigenomics information are yet to be developed. We utilized concept mapping software from the Institute for Human and Machine Cognition to create a conceptual model of diet and health-related data that provides a foundation for future nutrigenomics ontologies describing published nutrient-gene/polymorphism-phenotype data. In this model, maps containing phenotype, nutrient, gene product, and genetic polymorphism interactions are visualized as triples of two concepts linked together by a linking phrase. These triples, or ''knowledge propositions,'' contextualize aggregated data and information into easy-to-read knowledge maps. Maps of these triples enable visualization of genes spanning the One-Carbon Metabolism (OCM) pathway, their sequence variants, and multiple literature-mined associations including concepts relevant to nutrition, phenotypes, and health. The concept map development process documents the incongruity of information derived from pathway databases versus literature resources. This conceptual model highlights the importance of incorporating information about genes in upstream pathways that provide substrates, as well as downstream pathways that utilize products of the pathway under investigation, in this case OCM. Other genes and their polymorphisms, such as TCN2 and FUT2, although not directly involved in OCM, potentially alter OCM pathway functionality. These upstream gene products regulate substrates such as B12. Constellations of polymorphisms affecting the functionality of genes along OCM, together with substrate and cofactor availability, may impact resultant phenotypes. These conceptual maps provide a foundational framework for development of nutrient-gene/polymorphism-phenotype ontologies and systems visualization.
Introduction
As the field of nutrigenomics accrues more information, methods of easy organization and interrogation are required for evidence-based expert systems. Novel, easyto-use, bioinformatic tools provide a method to interrogate and understand data generated from ''-omics'' experiments (Lindblom and Robinson 2011) . Ontological analysis has become a commonly used bioinformatics technique to organize and characterize large amounts of information. One of the most successful ontologies is the Gene Ontology. The Gene Ontology is a knowledge resource designed to allow researchers to annotate genes with terms relating to biological processes, cellular locations, and molecular functions (Ashburner et al. 2000) . When novel genes are discovered, their sequences can be compared to those previously characterized by Gene Ontology terms whereby information concerning the novel gene can be hypothesized. While several studies investigate nutrientgene interactions and their phenotypic consequences, a comprehensive ontology for annotating these interactions remains to be developed. Taboada et al. (2012) provide a disease-based ontological model of genotype-phenotype associations that outlines a preliminary approach for such an ontology. In their model, patient data are used to create a queryable database that documents concepts related to the rare disease cerebrotendinous xanthomatosis (Taboada et al. 2012) . The authors suggest that semantic web technologies are essential for translating genomic and genetic research into actionable phenotype information. These technologies allow geneticists and clinicians to ask higherorder questions of the dataset such as whether a particular genotype is associated with specific phenotypic traits.
The principles and applications envisioned in the model described by Taboada et al. (2012) can be broadly extended to ontologically enriched nutrient-gene interaction databases that provide a platform enabling users to query nutrient-gene-phenotype associations. Information generated from such databases will be useful for defining, characterizing, and ultimately personalizing nutrition. Unambiguous vocabularies describing metabolic phenotypes (''metabotypes''), their genetic and environmental precursors, and the relative strength and extent of these associations will advance the state of the science of personalized nutrition and offer the potential for delivery of personalized foods and diets.
Presented here is a model for a novel form of data integration and visualization of nutrient-gene-phenotype relationships. The model highlights physiological and metabolic consequences, as well as potential alterations in nutritional requirements, resulting from genetic variation in the One-Carbon Metabolism (OCM) pathway. The OCM pathway is a well-described central pathway of metabolism containing many characterized genetic polymorphisms. Our conceptual model of OCM acts as a preliminary model for a diet personalization knowledge base, visualizing known interactions of vitamins B12, B6, folate and riboflavin with information related to genetic polymorphisms, altered disease risks resulting from these polymorphisms, and potential nutrient interventions. There are other micronutrients such as choline, known to affect functionality of the OCM, but an in-depth discussion of these nutrients lies outside the scope of this current manuscript. Independent studies have already documented evidence that optimal vitamin intakes within a population vary due to single-nucleotide differences in genes within the OCM pathway (Bailey and Gregory 1999; Kelemen et al. 2008; Stover and Garza 2002; Yang et al. 2008; Zittan et al. 2007 ). In addition to altered vitamin requirements, individuals with SNPs in genes encoding for enzymes residing along this pathway may also have increased susceptibility for comorbidity risk factors such as hyperhomocysteinemia (Garrod et al. 2010 ) and diseases such as Alzheimer's type dementia (Cascalheira et al. 2009 ) and cancer (Matakidou et al. 2007; Vlastos et al. 2009 ).
Concept maps (CMAPs) (http://cmap.ihmc.us/down load/, accessed on June 2, 2012) were used to visualize gene, polymorphism, disease, and allele frequency data with links to references from scientific literature. Concept mapping is designed to allow for quick and simple visualization of knowledge. Concepts can be supplemented with annotations such as ontological terms, literature references, relevant images, and references to other CMAPs. These maps are machine readable and provide a gateway for eventual development of more formalized ontologies capable of covering the broad range of information required for personalized nutrition and disease-risk assessment.
Mapping phenotype data from literature is one method of channeling information from basic research to a clinical setting (Taboada et al. 2012) . Others have presented methodologies for building nutrigenomics ontologies using CMAPs (Castro et al. 2006 ). The project documented by Castro et al. has transitioned into Functional Genomics Ontology (FuGO), and concomitantly lost its specificity for characterization of nutrient-gene interaction data, information, and knowledge (Whetzel et al. 2006) . The project presented in this paper is part of a larger effort consisting of two distinct methodologies: a manual curation component and a computational component. This paper describes the manual curation portion of the overall project.
Methods

Data acquisition/curation
Manual curation of data was achieved through several distinct steps: first, genes involved in OCM were consolidated from WikiPathways, KEGG, and Gene Ontology databases to form a preliminary gene list (Table 1) . KEGG ''OneCarbon Pool by Folate'' (site http://www.genome.jp/kegg/ pathway/map/map00670.html, accessed on April 2, 2013) and Gene Ontology ''One-Carbon Metabolic Process (with child terms)'' (http://www.geneontology.org, April 15, 2013) were chosen as references because of the sustained development efforts in their creation, and established use in scientific studies. In addition to the reasons listed above, WikiPathways was chosen because it is easily curated and visually unique from the two other databases. The genes listed in Table 1 provided terms used to query PubMed for articles relating to One-Carbon Metabolism genes and phenotype associations. Literature mining involved a stepby-step process that included searching gene names such as ''MTHFR'' together with phrases such as ''Vitamin B12'' or ''One-Carbon Metabolism'' in order to find and select articles from the PubMed database. Articles were included as references in the maps if their content contained information such as OCM gene function, changes in nutrient requirements due to SNPs in the OCM pathway, or phenotype associations with OCM genetic variants. Some articles mined during these searches listed One-Carbon genes not found in either KEGG, WikiPathways, or GO resources, we termed these ''literature mined genes''. These literature mined genes were combined with the preliminary list to create a master gene list. This updated list was used to query PubMed for additional articles and to link each enzyme to HumanCyc, a curated biochemical database of enzymatic reactions in humans (www.humancyc.org) (Romero et al. 2004) . Next, information such as allelic frequencies, study group data, gene-SNP-disease associations, and gene-SNP-nutrient metabolism associations were added to the CMAPs as they were uncovered. Finally, an established domain expert in the field of OCM reviewed the information visualized in each map. Expert curation is important to reduce incorrect interpretation of data. This expert also reviewed the genes found via literature mining that were not present in the databases, and additionally provided an illustrative rationale for including genes that are not directly involved in a pathway but are important for pathway functionality and homeostasis.
Software environment CMAP Tools software was chosen as the preferred knowledge mapping environment due to its low-barrier-to-entry, quick learning curve, and potential for ontology creation. In CMAPS, information is viewed and entered into the software in the form of triples (propositions) consisting of a subject, linking phrase (relationship), and object (Fig. 1) . The creation of triples is relatively simple due to the interchangeability of subjects and objects, meaning the object of one triplet can become the subject of another. Therefore, several triples can combine to form longer-chain conceptual phrases. The primary literature reference for each triple was added as an annotation to the object portion of the proposition. Common subjects and objects were genes, SNPs, diseases, disease states, and variations in vitamin requirements. When possible, linking phrases were chosen from the widely accepted relation ontology (RO). The RO is a collection of relations developed within the Open Biological and Biomedical Ontologies (OBO) database with the aim of standardizing ontologies (Smith et al. 2005) . When linking phrases could not be used from the RO, they were taken from ontologies such as the suggested ontology for pharmacogenomics (SOPHARM), or the gene ontology. When these relations did not adequately characterize the relationship, new linking phrases were developed (Table 1) . Linking phrases created during the course of this concept mapping project were to be abstract enough to convey a range of information, yet detailed enough to enable eventual computability of the relationships. For example, the linking phrase ''has association'' was used to represent co-occurrences between SNPs and diseases (e.g., ''lung cancer''), SNPs and health states (e.g., ''hyperhomocysteinemia''), SNPs and protein or enzyme activity (e.g., ''increased thermolability''), and SNPs and relative vitamin requirements (e.g., ''increased requirement'').
Results
The Gene Ontology utilizes a small subsection of the RO including ''is a,'' ''part of,'' ''has part,'' ''regulates,'' ''positively regulates,'' and ''negatively regulates'' to define GO terms (accessed 4-2-2013). The SOPHARM ontology uses a subset of linking phrases closely related to nutrigenomics, and although the fields of pharmacogenomics and nutrigenomics are similar, only a few relationships could be properly employed. Many of the linking Catalyzes 4
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This table depicts all linking phrases used in our CMAPs and compares them to those found in the relation ontology, the gene ontology, and SOPHARM. Those with checks are present in each ontology phrases present in the RO and other ontologies do not have the flexibility to account for conditional data. ''Has association'' became the most frequently used linking phrase because it conveys broad associative information while leaving room for development of more detailed conditional and/or causative relationships. As nutrient-gene-phenotype association knowledge advances, more refined linking phrases can be created as appropriate (Table 1) . A total of eighty-three genes affecting OCM were compiled. These genes were found in KEGG, WikiPathways, and Gene Ontology databases, as well as from precompiled literature sources such as Wernimont et al. (Table 2 ). WikiPathways' OCM pathway contains seven unique genes not found in the other three databases, while the Gene Ontology's One-Carbon Metabolic Process gene list contains seventeen unique genes. KEGG's OCM pathway contained no unique genes. Literature mining revealed thirty-seven genes considered important to OCM, but were not listed as being either part of, or associated with, OCM in KEGG, WikiPathways, or Gene Ontology databases. Table 3 shows the thirty-seven genes uncovered from literature mining, organized by pathway involvement, with links to the literature sources from which these associations were abstracted. The ''OCM plus Upstream and Downstream Pathway Integration'' CMAP highlighted in Fig. 2 displays the ways in which several groups of these genes interact with OCM. Many of these genes are involved in direct upstream effector pathways, as well as downstream pathways utilizing the products of OCM. Products from the genes in upstream pathways mediate overall levels of cofactors and substrates for OCM reactions, while variants of downstream pathway genes can influence utilization patterns of OCM products.
All genes mined from the literature can be visualized in the OCM CMAP (Fig. 3) . Those found exclusively in WikiPathways are yellow concepts, those found exclusively in KEGG are purple concepts, and genes found exclusively in GO are pink. Genes found in two or more of these pathway Web sites are blue, and the genes mined specifically from literature searches are gray. All genes found in KEGG, WikiPathways, and GO are presented with their respective enzymatic reaction from the HumanCyc database. TCN2 is not represented as part of a reaction in the HumanCyc database because TCN2 is a B12 transporter, not an enzyme. Several genes including methylenetetrahydrofolate reductase (MTHFR), methionine synthase (MTR), methionine synthase reductase (MTRR), and transcobalamin 2 (TCN2) were mapped in detail. These genes were chosen based on the relative importance for OCM and nutrient interactions, as evidenced by the sheer volume of scientific publications about each of these genes.
MTHFR, depicted in Fig. 4 , is arguably the most studied gene in this pathway, with 5,032 hits when queried on GOPUBMED (http://gopubmed.org, accessed 5-21-2013). Variations in this gene are associated with many disorders, including vascular disease, Alzheimer disease, neural tube defects, and cancer (Cascalheira et al. 2009; Haviv et al. 2002; Matakidou et al. 2007; Shields et al. 1999) . MTHFR is responsible for conversion of 5,10-methylenetetrahydrofolate into 5-methyltetrahydrofolate with a riboflavin cofactor (Ward et al. 2011) . A number of SNPs within this gene are associated with variation in plasma levels of homocysteine and various B vitamins. The 677C[T mutation reduces the effectiveness of MTHFR's enzyme activity, leading to increased homocysteine compared with the wild-type (C) allele (Yang et al. 2008) . Dysregulated homocysteine levels are linked to multiple diseases, many of which are exacerbated when coupled with low vitamin levels (Cascalheira et al. 2009; Kelemen et al. 2008; Zittan et al. 2007 ).
MTR, depicted in Fig. 5 , requires cobalamin as a cofactor during its enzymatic conversion of L-homocysteine to L-methionine. B12 supplementation has been shown to increase the activity of this enzyme twofold to 14-fold Fig. 1 Examples of knowledge ''triples'' (or ''propositions''). A triple consists of a subject, linking phrase (or ''predicate''), and object. In this case, MTHFR is the subject of two triples, one with rs1801131 as an object and one with rs1801133 as an object. rs1801133 is also the subject of three triples linked with the phrase ''has association'' to the objects ''increased thermolability of enzyme,'' ''enzyme activity reduction,'' and ''decreased substrate affinity.'' The two linking phrases, ''has variant'' and ''has association,'' were used throughout the CMAP models. Inside of the webaccessible maps, the icon is a link to the literature reference(s) for the citation supporting the knowledge proposition that ends with the object upon which the icon sits (Gulati et al. 1999) . B12 limitation has also been shown to reduce MTR enzyme activity (Brunaud et al. 2003) . Low plasma B12 levels can lead to a buildup of L-homocysteine that may progress to hyperhomocysteinemia (Watkins et al. 2002) . Certain mutations in MTR cause cblG type of methylcobalamin deficiency resulting in a combination of homocystinuria and megaloblastic anemia (Carmel et al. 1988) . MTR is also responsible for the catabolism of 5-methyltetrahydrofolate to tetrahydrofolate. Low MTR activity leads to a buildup of folate in the 5-methyltetrahydrofolate form, termed the ''methyl folate trap'' (Herbert and Zalusky 1962) . MTRR, depicted in Fig. 6 , is important for the maintenance of MTR activity. It is responsible for the reduction of catalytically inert cob(II)alamin to cob(I)alamin for use by MTR (Wolthers and Scrutton 2007) . MTRR is the mutated gene in megaloblastic anemia complementation type E (cblE) which is similar to cblG but has been proven genetically unique by complementation analysis (Rosenblatt et al. 1987) . Polymorphisms in this gene have been shown to cause increased homocysteine concentrations which, when combined with other polymorphisms, may further increase homocysteine levels (Vaughn et al. 2004 ). MTRR has also been implicated as a predictor for Down syndrome (Amorim and Lima 2012) .
TCN2, depicted in Fig. 7 , is expressed in many cells and directly mediates cellular uptake of cobalamin (Seetharam et al. 1999 ). The prevalence of certain alleles, such as 776C[G, in this gene varies dramatically between populations. The frequency of this allele may vary due to selective pressures such as Plasmodium falciparum (Gué-ant et al. 2007 ). The malaria parasite requires OCM substrates as cofactors for enzymes essential for growth (Kronenberger et al. 2014 ). The G allele may alter the structure of TCN2 so it has a lower affinity for B12, resulting in its more ready release (Afman et al. 2002; Garrod et al. 2010) .
TCN2 efficiency directly affects the amount of vitamin B12 available for use by OCM (Garrod et al. 2010; Silla et al. 2011 ). This can be modeled easily within a CMAP because CMAP software is designed to flexibly incorporate all kinds of information. Surprisingly, in WikiPathways' OCM (Homo sapiens) pathway, TCN2 is visualized as contributing to MTR's conversion of 5-methyltetrahydrofolate to tetrahydrofolate. Although WikiPathways does not make it explicitly clear, TCN2 is not directly involved in MTR's catabolism of 5-methyltetrahydrofolate, it is instead important for the transport of B12 into cells (reference Web site: http://www.ncbi.nlm.nih.gov/gene/6948, accessed 6-8-2013) . B12 is then used as a cofactor for MTR's enzymatic reaction.
The flexibility of CMAP Tool software is further highlighted in the homocysteine CMAP (Fig. 8) . This map Morine et al. (2012) Pre-mRNA splicing The genes found in the literature are characterized by pathway involvement or function depicts SNPs found in five genes known to affect homocysteine levels. Visualizing information in this manner can aid in disease-risk assessment based on constellations of SNPs and environmental and lifestyle factors that individually, or in ensemble, affect probability of developing a disease or risk factor. Single SNPs may not confer a measurable phenotype, but individuals with genotypes containing a number of mutations known to influence homocysteine levels may be more likely to develop hyperhomocysteinemia, and increasing susceptibility for hyperhomocysteinemia-associated diseases. It is interesting to note that a single gene may contain multiple polymorphisms that alter homocysteine levels. Some of these polymorphisms may increase levels, while others in the same gene may concurrently decrease levels.
Discussion
CMAP Tools was initially designed as educational software with a primary directive of providing a low technical barrier for users. For this study, CMAP Tools software was used as an easily accessible knowledge elicitation tool and heterogeneous information integration environment. These features-ease of use, heterogeneous information integration, and knowledge network visualization, make CMAPs a desirable system compared with many specialized bioinformatics tools. Oftentimes, these tools require technical know-how and are specific for one type of biological information (genes or pathways or proteins, etc.). It is conceivable that CMAP Tools could become an important platform for information visualization for scientists/users across disciplines. Because CMAP software lacks strict concept typing, it is possible to readily integrate nutrigenomic/nutrigenetic concepts from several sources, including literature, pathway, gene, polymorphism, and disease resources. Yet perhaps also the greatest weakness of CMAPS, as revealed in this study, is this lack distinction between conceptual classes and individual concepts within classes. Ontological reasoners compute over classes of information, inferring meaning about the information they contain based on formally defined domain/range rules for inclusion into those classes. Practically, this means that this project prioritized ease of use and heterogeneous data integration over formalized ontology creation.
By associating genetic/genomic factors, their influence on nutrient requirements, and the potential influence of lifestyle factors including diet, physical activity, and environmental exposures, the CMAPs demonstrated in this paper represent a framework for development of formalized ontologies capable of defining metabolic and health phenotypes. Tools such as the one presented here are useful for hypothesis generation including, but not limited to, those pertaining to nutrient-gene interaction mechanisms, as well as potential nutritional consequences of, and appropriate dietary interventions for, specific genetic polymorphisms. Compiling knowledge from multiple data resources into CMAPs enables easy visualization of links between previously untested ideas. Hypotheses formed during this process can be further tested and evaluated using animal models or clinical trials. A next phase of this project includes standardization of concepts presented in this model into a formalized ontology, and alignment of this new vocabulary with existing biomedical ontologies. Future plans also include integration with other SNP annotation platforms such as SNAP (Li et al. 2007 ) as well as with GWAS metabotype datasets (Dharuri et al. 2013) .
The gene-specific maps highlighted in this paper have strong interactions with nutrients known to be essential for the OCM pathway (Hall and Finkler 1965; Leclerc et al. 1998; Sauberlich 1980) . Because these genes are integral parts of OCM, alterations in genetic information are thought to affect utilization of nutrients such as cobalamin, Fig. 2 OCM plus upstream and downstream pathway integration. One-Carbon Metabolism relies on many closely related pathways for substrate and cofactor production. A few of the important pathways are visualized here. OCM is also important for providing cofactors and substrates for a multitude of subsequent reactions ranging from epigenetic methylation of genes to purine production folate, and riboflavin (Garrod et al. 2010; Herbert and Zalusky 1962; Silla et al. 2011; Yamada et al. 2001; Yang et al. 2008) . MTR (Fig. 5) requires vitamin B12 as a cofactor for its conversion of homocysteine to methionine and conversion of 5-methyltetrahydrofolate to its active form, tetrahydrofolate. It has long been established that activity of this enzyme is partially determined by availability of its cofactor vitamin B12 (Gulati et al. 1999) . MTRR (Fig. 6 ) reduces cob(II)alamin to cob(I)alamin for use by MTR (Wolthers and Scrutton 2007) . TCN2 (Fig. 7) encodes transcobalamin, a vitamin B12 transporter critical for proper distribution of vitamin B12 to cells throughout the body. Some SNPs in TCN2 change this transporter's affinity for the vitamin. Altered TCN2 affinity for B12 may influence delivery of B12 to tissues, as well as levels of circulating homocysteine, thereby affecting risk of neural tube defects (Afman et al. 2002) . MTHFR (Fig. 4) utilizes a riboflavin cofactor to convert 5,10-methylenetetrahydrofolate into 5-methyltetrahydrofolate. A common polymorphism in this gene is the rs1801133 (677C[T) mutation which causes enzyme instability and thermolability. This SNP has been associated with elevated circulating homocysteine (Unfried et al. 2002; Yang et al. 2008) . Homocysteine levels can be reduced in individuals Fig. 3 One-Carbon Metabolism CMAP. This map depicts the culmination of all genes mined from literature and pathway databases. Genes found exclusively in KEGG are colored purple, genes found exclusively in WikiPathways are yellow, and genes found exclusively in the GO are colored pink. Those found in two or more of these databases are light blue. The genes found during literature mining are not colored and have dotted lines leading from the One-Carbon Metabolism subject through the linking phrase and down to the genes. The HumanCyc database was used as a reference for delineating the precise involvement of each gene product in OCM reactions homozygous for this mutation with supplementation of riboflavin or folate (McNulty 2005; Yang et al. 2008) . As resources develop, with the incorporation of genotype information into the electronic medical record, CMAPs can act as a tool to guide clinicians and scientists through evidence-based nutrient gene interactions, guiding them toward resolution of higher-order questions about genotype-phenotype associations and potential dietary interventions. Continued development and refinement of information resources such as these will provide clinicians with the ability to evaluate patient health based on current evolving evidence-based knowledge about specific SNPs or groups of SNPs, environments, and lifestyles (Taboada et al. 2012 ). The conceptual maps presented here highlight the varied ways individuals possess genetic risk factors for nutrient metabolism. It is our hope that these maps will be useful in guiding development of hypotheses for testing alterations of diet and lifestyle, including dietary supplementation of vitamins for people with specific genetic predispositions. As this knowledge base grows to include more information on results from diet and lifestyle intervention studies, it is conceivable that food producers and dietitians will have the ability to leverage this expanding resource as a guide in developing personalized foods and diet plans.
The maps made for this project focus primarily on genetic contributions to phenotype. It is important to consider that in some cases, incorporation of genetic risk data will only moderately increase the ability to predict disease susceptibility (Meigs et al. 2008) . In order to correctly determine overall risk of disease, all factors contributing to phenotype must be considered. Critical to the development of health and lifestyle personalization systems will be the development of algorithms to quantify the relative contribution to various health states of each SNP, constellations of SNPs, and environmental/behavioral exposures. As research reveals the contributions of each factor, visualization and computational tools must adapt and incorporate this knowledge while maintaining human readability. While single SNPs alone may not confer measurable phenotypic changes, the additive effect of constellations of SNPs may alter metabolism. For example, it has been shown that MTRR 66 AG or GG genotypes may additively exacerbate the effect of the MTHFR 677 TT mutation and significantly increase homocysteine levels compared with other genotypes (Vaughn et al. 2004; Meigs et al. 2008) .
As genetic tests become more affordable and are marketed directly to consumers, awareness of risk factors will help individuals manage their risks by engaging in, or avoiding certain behaviors. For example, homocysteine levels can be exacerbated by nutritionally related aberrations such as folic acid or vitamin B12 deficiency and lifestyle choices such as smoking (Garrod et al. 2010; Nygård et al. 1995) . Homocysteine levels can also be mediated through nutritional therapy or physical activity (Yang et al. 2008; Garrod et al. 2010; Nygård et al. 1995; Wernimont et al. 2011) . A combination of personalized nutritional therapy and lifestyle modifications could be suggested to individuals susceptible to hyperhomocysteinemia. Individuals and health information providers would benefit from a rapid, clear yet deep understanding of all factors contributing to altered homocysteine levels as well as other risk factors or diseases. Figure 8 provides an example visualization that may guide scientists to develop hypotheses about the relative contribution of each component (genetic, environmental, and behavioral) to hyperhomocysteinemia. One genetic example from the literature-mined group of genes that has an effect on homocysteine levels is cystathionine beta synthase (CBS). The CBS gene exemplifies ways in which alterations of genes not directly involved in OCM can nevertheless modify OCM products and substrates. This particular gene codes for the enzyme that catalyzes the first step in the transsulfuration pathway of homocysteine metabolism. The enzyme requires vitamin B6 in the form of pyridoxal-5-phosphate (PLP). Mutations and SNPs in CBS, even among heterozygotes, result in elevated levels of homocysteine that varies from mild to severe. Homozygosity or compound heterozygosity for these variants is associated with classical homocystinuria and severe, often fatal, premature vascular disease. Heterozygosity may confer a risk for post-methionine load hyperhomocysteinemia with increased risk of vascular disease (Clarke et al. 1991) . However, in the case of one particular insertional mutation in CBS, a protective effect toward hyperhomocysteinemia was observed in heterozygous individuals (Yakub et al. 2012) . Low levels of homocysteine are also observed in individuals with Down syndrome who have trisomy of chromosome 21. CBS is located on chromosome 21; therefore, these patients have three copies of the CBS gene (Fillon-Emery et al. 2004) .
It has become clear, after mining literature and pathway databases that each differ in visual appearance, as well as breadth and depth of information coverage. Pathway databases are relatively devoid of information on important upstream and downstream regulators important for substrate availability and product metabolism. Some literature sources include genes from alternate pathways but, when this annotation process occurs, the genes were often grouped together by authors, and universally labeled as OCM genes. We attempted to combine and modify these approaches in order to include genes in pathways one degree of freedom away from the OCM pathway. This includes genes that transport cofactors, provide substrates, or utilize OCM products (such as CBS). Dysregulation in upstream pathways resulting from genetic mutations or inappropriate nutrient consumption not only changes the efficacy of the pathway under investigation (in this case OCM), it also alters downstream effects. The model presented here provides a method of displaying information not only about the pathway under investigation, but also relevant genes, substrates, and cofactors within upstream biochemical pathways and subsequent dependent pathways. A crucial part of this process is expert curation. Like WikiPathways and other Wiki resources, data integrated into these maps should be curate-able. This way, mistakes in data aggregation can be mitigated and expert knowledge can be integrated into the pathway database for others to access, edit, and update.
Next steps
Semi-automation along with the ability to query for specific genes, SNPs, or disease information will make information resources, such as the one proposed here, valuable to users. Users, e.g., healthcare professionals, would find such information important as an aid to answering questions concerning the probability of a given individual's genotype exhibiting any particular phenotype (Taboada et al. 2012 ). This would prove useful for prediction of disease susceptibility. Conversely, this type of CMAP would also facilitate the identification of possible underlying genotypes in an individual with a particular phenotype. The practical usefulness of this information lies in attributing disease manifestations to genetic factors and for purposes of genetic counseling. Also, dietitians and other nutrition professionals can use this information to better diagnose and potentially correct metabolic abnormalities and using and personalized nutrition (Kaput 2008) . Ongoing studies are developing tools that are capable of integrating automation and querying ability as well as incorporation of this information with other ontologies, such as the Reactome, to broaden the scope of information. Incorporation of alternative variants such as chromosomal rearrangements, insertions, and deletions, as well as copy number variants is necessary to paint a more comprehensive picture of how variation in human genetic information affects metabolism. Importantly, epistatic interactions and gene-environment interactions will need to be addressed to best determine relative risk. Development of methods for CMAP integration with ontology editing environments will provide the building blocks to develop a more formalized ontology for the information gathered manually and through semi-automated means. Automation will allow for near real-time updates from structured information repositories such as OMIM, KEGG, WikiPathways, and PubMed for fluid incorporation of newly discovered gene-phenotype information, into accessible, computable CMAPs. Ethical standard This article does not contain any studies with human or animal subjects performed by the any of the authors.
